INTRODUCTION
As a group, the coagulase-negative Staphylococcus species (CNS) are among the most frequently isolated bacteria in the clinical microbiology laboratory (236, 246) . One of the major problems facing the laboratory is distinguishing clinically significant, pathogenic strains of CNS from contaminant strains (164) . The vast majority of infections (or diseases) assumed to be caused by CNS are a significant consequence of hospitalization. Recent reports on surveillance data taken from the National Nosocomial Infections Surveillance System during the late 1980s and early 1990s have indicated that CNS are among the five most commonly reported pathogens (in fifth place at 9 to 9.7%, compared with 10 to 11.2% for Staphylococcus aureus) in hospitals conducting hospital-wide surveillance (145, 271) . CNS were the most frequently reported pathogens in nosocomial bloodstream infections (27 to 27.9%, with S. aureus next at 16 to 16.5%). The ranking and infection rates of CNS were quite similar among hospitals conducting surveillance in intensive care units (ICUs) and in those conducting surveillance hospital-wide. In contrast to the situation in the 1970s, major shifts have occurred in the decade of the 1980s and in the early 1990s in the etiology of nosocomial infection. Most noticeably, the shifts have been toward the more antibioticresistant pathogens, of which the CNS are a major group (12, 113, 271) . Current antibiotic-prescribing practices, including preoperative antibiotic prophylaxis, have led to the selection of antibiotic-resistant organisms (271) .
The increasing importance of CNS also may be due in part to the growing appreciation of this group of organisms as opportunistic pathogens and to the increase in the use of transient or permanent medical devices, such as intravascu-lar catheters and prosthetic devices, in seriously ill and immunocompromised patients (i.e., intensive care patients, premature newborns, and cancer and transplant patients). CNS infections often can be life-threatening in these patients. CNS are a major component of the normal flora of the cutaneous ecosystem, including the skin and mucous membranes (165, 167, 175) . In the cutaneous ecosystem, CNS generally have a benign relationship with their host and function as commensal or saprophytic organisms. However, if the cutaneous organ system has been damaged by trauma, inoculation by needles, or direct implantation of foreign bodies, these organisms can gain entry to the host. Depending upon their ability to adhere to host or foreign body surfaces, breach or avoid the host immune system, multiply, and produce products that damage the host, they may develop the lifestyle of a pathogen.
The primary aim of this review is to update information concerning the identification and clinical significance of CNS that has accumulated since the last comprehensive review by Pfaller and Herwaldt (246) . Research on the CNS has proceeded on several fronts, including the identification of new species and subspecies, development of more accurate and rapid methods for identifying species and subspecies and for epidemiological typing of strains, the use of new antibiotics for therapy, and greater understanding of antibiotic resistance mechanisms, genetic transfer systems, and pathogenic mechanisms.
HISTORICAL PERSPECTIVE In 1958, Smith and coworkers (283) noted the potential pathogenicity of CNS by collecting data from patients with septicemia. Several years later, Pulverer and Halswick (255) reported on 128 cases of endocarditis believed to be caused by CNS. Prior to the 1970s, clinicians and microbiologists generally regarded CNS as contaminants in clinical specimens and S. aureus as the only pathogenic Staphylococcus species. In his Theodor Billroth Memorial Lecture at the Fifth International Symposium on Staphylococci and Staphylococcal Infections, Pulverer (254) shared his frustration with the medical community when he said, "In 1965 we sent a paper (255) entitled 'Coagulase-negative staphylococci as pathogenic agents' to one of the leading medical journals in Germany. We had great problems in convincing the editors that we had no joke in mind but wished to report seriously about a lethal case of CNS endocarditis.... In 1964, we observed this rather malignant disease in a 57-year-old man who died several months later despite a long-lasting and high-dosage penicillin treatment." Brandt and Swahn (37) reported that more than 1% of all cases of endocarditis may be due to CNS.
In 1965, Wilson and Stuart (318) reported that CNS were found in pure culture in 53 of 1,200 (4.4%) cases of wound infections. In 1971, Pulverer and Pillich (256) investigated the incidence of CNS pyogenic infections in Cologne, Germany, presenting data for the years 1960, 1969, and 1970 . CNS were found in about 10% of all pyogenic lesions observed in hospital patients, and in about 50% of these cases, CNS were believed to be present in pure culture. In 1962, Pereira (240) reported that a certain group of CNS (now known as S. saprophyticus) caused urinary tract infections (UTIs). A few years later, Gallagher and coworkers (96) and Mabeck (201) also presented evidence that CNS cause UTIs. In 1971, Holt (131) reported the colonization of ventriculoatrial shunts by CNS. Colonization was usually followed by septicemia. Looking through the literature, Pulverer (254) collected data from 2,276 ventriculoatrial or peritoneal shunt operations and estimated that 8% of the patients acquired shunt infections, with 58% of the cases probably caused by CNS.
In light of recent advances in staphylococcal systematics and epidemiological typing methods, conclusions concerning the etiology of CNS infections reported prior to the 1980s should be made with some caution. For many of the early studies reporting CNS in infections, sound methodologies were not available for the determination of repeated or pure cultures of organisms. However, during the last decade, considerable progress in the classification of staphylococci and in the development of methods for identifying them at the genus, species, subspecies, and strain levels has been made (167, 171, 175, 245, 247) . These newer systematics have not only made clinicians more aware of the variety of CNS present in clinical specimens, but also enhanced the credibility of CNS as etiologic agents.
By the 1980s, the range of infections believed to be caused by CNS, and especially by S. epidermidis, was quite wide and included bacteremia (24, 207) ; native valve endocarditis (NVE) and prosthetic valve endocarditis (7, 11, 260) ; osteomyelitis (204, 233) ; pyoarthritis (204) ; peritonitis during continuous ambulatory dialysis (182, 267) ; mediastinitis (34) ; prostatitis (45, 310) ; infections of permanent pacemakers (48) , vascular grafts and intravascular catheters (242, 243) , cerebrospinal fluid shunts (100) , and prosthetic joints and a variety of orthopedic devices (38, 54, 218) ; and UTIs (148, 156, 192) . The CNS species S. saprophyticus was often regarded as a more important opportunistic pathogen than S. epidermidis in human UTIs, especially in young, sexually active females (3, 206, 307) . It was considered to be the second most common cause of acute cystitis or pyelonephritis in these patients. Several other CNS species have been implicated at low incidence in a variety of infections. S. haemolyticus is the second most frequently encountered CNS species in the clinical laboratory. This species has been implicated in NVE (43) , septicemia (102) , peritonitis (114) , wound, bone, and joint infections (85, 229) , and UTIs (148) .
S. wameri is believed to be the cause of some cases of vertebral osteomyelitis (159) , NVE (60) , and UTIs (192) . S. hominis has been associated with endocarditis (85) , peritonitis (85) , septicemia (36) , and arthritis (85) . Some of the earlier reports indicating an association of S. hominis with infections may have been in error due to the confusion of this species with phosphatase-negative strains of S. epidermidis (171) . S. simulans has been associated with some cases of chronic osteomyelitis and pyarthrosis (204 The largest populations of human staphylococci are usually found in regions of the skin and mucous membranes surrounding openings to the body surface (165, 172 (165) . It is also found on other regions of the adult head such as the forehead, face, eyebrows, and external auditory meatus in moderate-sized to large populations. S. capitis subsp. ureolyticus is found on regions of the head in rather small populations but also can be found on a variety of other body sites, being more widely distributed than S. capitis subsp. capitis (19) . S. auricularis is one of the major species living in the adult external auditory meatus (165, 174) . The coagulase-positive species S. aureus demonstrates a habitat preference for the anterior nares in adults (165) . It (57) . The predominant Staphylococcus species of humans, S. epidermidis, is widely distributed over the body surface (165, 172) . It usually produces very large populations in the anterior nares, axillae, inguinal and perineal areas, and toe webs. S. hominis and S. haemolyticus are most numerous on skin sites where apocrine glands are found, such as in the axillae and inguinal and perineal areas (165, 172) . Generally, they can also colonize the drier regions of skin (e.g., on the extremities) more successfully than other species. S. warneri and S. lugdunensis are widely distributed over the body, though their population size is usually quite small (165, 172, 276) . S. caprae, although originally isolated from goats (hence the name), has been found on human skin in very small numbers and in human clinical specimens (17, 157) . Human isolates of this species could be distinguished from some goat isolates on the basis of SmaI restriction enzyme digests of chromosomal DNA and to some extent on the basis of their cellular fatty acids (CFAs) (17) . S. schleifeni subsp. schleiferi has been isolated from human clinical specimens but has not yet been reported on the skin of healthy people (276) . The natural host or host preference for this subspecies has not been determined. S. xylosus is very widespread in nature and occasionally may be isolated from humans. This species is most often found on people handling animals (165, 172) .
The widespread distribution of staphylococci over the body surface and their relatively large total population size VOL. 7, 1994 make specimen collection a real challenge. Unless careful and thoughtful procedures are used to isolate organisms from the focus of infection, it is a difficult task to distinguish the etiologic agent(s) from contaminating normal flora. Specimen quality is largely determined by how the clinical specimen is collected and how well it reflects the infectious disease problem.
Specimen Collection and Processing
The isolation and enumeration of staphylococci from clinical specimens are routine operations in the clinical laboratory. Some recommended procedures for collecting and processing specimens are described in the American Society for Microbiology's Manual of Clinical Microbiology, fourth and fifth editions (14, 194) , and the American Public Health Association's Diagnostic Procedures for Bacterial Infections, seventh edition (312) . Ideally, specimens should be taken from the focus or foci of infection without collecting surrounding normal flora.
Blood cultures for detecting bacteremia. CNS are a major cause of hospital-acquired bacteremia, and in most cases the focus of infection is an intravascular catheter (78) . Many of the patients are in the ICU or in neonatal ICUs (NICUs). Accurate diagnosis depends on the clinical presentation and the isolation of identical organisms (same strain or clonal population) from repeated cultures. Accuracy is imperative when diagnosing bacteremia associated with infections of indwelling medical devices, because device removal may be necessary to eradicate the infection. Quantitative blood cultures are helpful for the diagnosis of central venous catheter (CVC) infections in patients in ICUs. The finding of a 5-to 10-fold increase in the concentration of bacteria drawn via the CVC, in comparison with the concentration of bacteria drawn via a peripheral catheter, has been suggested to indicate a CVC-related bacteremia (87) . Colony counts of CNS from blood drawn from vascular access devices frequently exceed 100 CFU/ml. One semiquantitative count method by which CVC-related bacteremia can be confirmed is to remove the distal 5-to 7-cm segment of the catheter and roll the catheter onto a culture plate. A count of >15 CFU has been suggested to indicate CVC-related sepsis (10, 203) . However, in one study, only 4% of semiquantitative count results had clinical impact (315) . An alternative method would be to rinse the catheter surface with broth (55, 196) .
The numbers of bacteria detected with broth methods should be higher than those detected with imprint methods (314) . It has been suggested that new laboratory techniques that do not require the removal of a catheter are needed to guide therapeutic decisions so as to reduce a potential risk to the patient and lower the cost of the laboratory test (315) .
NVE is often associated with CNS bacteremia. The most convincing laboratory findings include the rapid isolation of CNS from more than one blood culture, a high intensity of bacteremia (CFU per milliliter), and the presence of the same strain(s) in sequential isolations (4, 158) . Generally, in patients with suspected bacterial endocarditis, three blood cultures are sufficient to isolate the etiologic agent (141 (15, 195) , S. epidermidis (43, 158) , S. saprophyticus (282) , and S. saccharolyticus (313) .
CNS are regarded as major opportunistic pathogens isolated from blood cultures in NICUs (82, 90, 281 Nevertheless, the evidence provided by blood cultures is largely indirect, and in the case of localized infections it would be better to identify the organism in situ at the focus of infection, although this is not always possible. Perhaps this may be accomplished in the future by either biopsy, specific staining, or demonstration of specific antigens or DNA sequences. Future studies may show that in some cases more than one strain or species of CNS may be present and active in a focus of infection. Furthermore, due to different growth rates of some CNS in conventional broth blood culture media, slower growing strains or species may be overlooked. This situation represents a pitfall that can be largely circumvented by the direct culture of blood (e.g., lysis-centrifugation system). The use of a second or backup blood culture system is recommended, not only when clinical findings are consistent with NVE due to a fastidious microorganism but also when CNS are suspected (212 (167, 171) .
Tissue, exudate, and prosthesis cultures. Examination of tissues and fluids in association with or surrounding a site of infection may reveal the etiologic agent. For example, in a postoperative infection of a hip prosthesis in a compromised patient, S. schleifeni subsp. schleiferi was found in all samples taken from subcutaneous tissues, synovial fluid, the femur, and the hip, representing areas associated with the infection site (146) . Aspiration of the joint space and washing of orthopedic prostheses with broth commonly yield the infecting bacteria. In a compromised patient with a postoperative infection caused by introduction of an umbrella device, S. schleiferi subsp. schleifeni was isolated in a series of nine blood cultures taken over a period of 15 days (146) . To minimize the risk of false-negative cultures in a CNS infection of a prosthetic device, ultrasonic oscillation may be used to shake off from prosthetic surfaces adherent organisms embedded in a biofilm matrix (25, 301) . Methods that used ultrasonic oscillation of explanted vascular graft material demonstrated a significant increase in the incidence of cultures positive for S. epidermidis compared with standard blood agar plate and broth culture techniques. Recent studies by Bandyk and coworkers (16) have indicated that ultrasonically oscillated explanted graft material (biofilm culture) yielded bacteria, typically a CNS, in more than 80% of vascular prosthesis infections. None of the 15 patients included in their study exhibited bacteremia or bacteria in Gram-stained smears of perigraft exudates, suggesting no or little release of bacterial cells from the adherent biofilm matrix while the prosthesis was present in the patient. In a leukemic patient with hepatosplenic abscesses, S. epidermidis was recovered from cultures of biopsied hepatic and splenic tissue and cultures of perisplenic and perihepatic exudates. A Gram-stained smear revealed staphylococci in the splenic and hepatic tissues (232) . The patient responded characteristically to vancomycin therapy, with complete resolution of the hepatic lesions. In a case of cervical adenitis believed to be caused by S. epidernidis, this species was obtained in pure culture from the drainage of an abscess located in the right posterior cervical triangle (268) . Clinical improvement occurred only with drainage and treatment with vancomycin.
Urine cultures for detecting bacteriuria. UTIs are among the most common bacterial infections. They can be categorized as being complicated or uncomplicated. In general, complicated UTIs occur in patients with a history of recurrent infections, signs or symptoms of upper tract disease, or coexisting conditions such as pregnancy, immunosuppression, or structural anomalies of the urinary tract. By contrast, uncomplicated UTIs occur in patients who are otherwise healthy and who have a history of lower tract symptoms of short duration; they are not accompanied by fever or flank pain. Approximately 80% of all UTIs are caused by Eschenichia coli. The CNS species S. saprophyticus accounts for as much as 10 to 11%, especially in young adult women (190, 307) . A urine culture is usually indicated when there are (i) complicated or uncertain clinical features; (ii) a history of UTI in the past 3 weeks, indicating possible relapse; (iii) symptoms for more than 7 days; (iv) recent hospitalization or catheterization, indicating the possibility of a nosocomial infection; (v) pregnancy; or (vi) diabetes.
Traditionally, colony counts of .100,000 CFU/ml in two or more cultures of midstream urine indicate a significant bacteriuria or UTI (160, 285) . However, since CNS grow relatively slowly in urine, it has been suggested that lower colony counts of 100 to 100,000 CFU/ml should be considered an appropriate range for significant bacteriuria due to these organisms (132, 184, 251, 287) . Some investigators suggest that CNS should be considered a urinary tract pathogen only when they are present in pure culture (107, 108) or are associated with no more than one other species (123) . Of course, repeated isolation of a particular strain in pure culture is most convincing. A freshly voided, midstream, clean-catch sample is usually satisfactory for making a determination of infection. Suprapubic aspiration may be indicated in patients who have a low bacterial count in clean-catch specimens, in neonates, and in young infants. Contamination rates should be very low with this procedure. Sometimes UTI due to S. saprophyticus may be accompanied by a bacteremia with the same organism (103, 110, 191) , attesting to the invasive ability of S. saprophyticus. Invasive S. saprophyticus infections, such as acute pyelonephritis, can elicit an antibody response that might be useful for diagnostic purposes in patients with UTI (127) .
The designation of CNS as pathogens in the etiology of chronic bacterial prostatitis is controversial (215, 248, 286) . Nickel and Costerton (227), as well as several other earlier investigators (26, 183, 310) , have presented evidence to suggest that S. epidermidis and S. saprophyticus can be associated with the clinical syndrome of chronic prostatitis and most likely are implicated in the pathogenesis of the prostatic inflammation. These CNS fulfilled the criteria of bacterial localization as set forth by Meares and Stamey (216) , who compared CFU in expressed prostatic secretions and bladder urine. In one study of three men with chronic prostatitis, bacterial localization within the tissue was also demonstrated by ultrastructural examination of prostate biopsies (227) . Scanning electron microscopy demonstrated rigid coccal cells and microcolonies of coccal bacteria adherent to the ductal wall epithelium which were enveloped in a dehydrated slime matrix. Transmission electron microscopy demonstrated sparse bacterial biofilms containing gram-positive cocci within the intraductal space of the prostate. Furthermore, cultures of the prostate biopsies confirmed the presence of S. epidermidis. It is of interest that none of the patients responded to appropriate antibiotic therapy (trimethoprim-sulfamethoxazole, doxycycline, and norfloxacin) based on the culture and susceptibility results. These results might be explained by the fact that the CNS were sequestered within intraprostatic biofilms and in this "hibernating" state are relatively refractory to antibiotic therapy and host defenses.
Practical Approaches to the Problems Until it becomes feasible to identify CNS species, subspecies, and strains in situ, at the focus of infection, we must rely on the laboratory culture and isolation of CNS from clinical specimens. The first step in attempting to identify the etiologic agent usually involves culturing a fresh specimen on nonselective agar medium directly or following an enrichment in broth. Of these choices, direct plating on nonselective agar provides the most accurate assessment of the proportion and total CFU of each type of CNS organism present in the clinical specimen. Plating on selective agar or broth enrichment may be necessary to select CNS from certain kinds of clinical specimens (e.g., sputum or feces, in which other bacteria might predominate) or to select a specific CNS species (e.g., with novobiocin to select S. saprophyticus from the urinary tract). One of the pitfalls of enrichment is that selective agents commonly used may favor the growth of certain CNS species, subspecies, or strains. This would distort the original population structure. It is generally regarded that repeated isolation of a particular strain in pure culture from a series of specimens provides good evidence of causality. Nevertheless, in the process of obtaining a specimen from a normally sterile site and in specimens taken from unsterile regions of the body, culture purity may not be absolute or even practical. On primary isolation plates, a relatively small number of colonies are examined to assess purity, and these usually represent only a small percentage of the total bacteria actually present in the specimen. It would be more practical to consider that repeated isolation of a particular predominant strain from a series of specimens provides good evidence of causality. Of course, the best evidence would be obtained from specimens taken from normally sterile sites. It is more difficult to assess the clinical significance of mixed cultures in which two or more species, subspecies, and/or strains are present in significant proportions in a series of specimens. Nevertheless, a mixed infection may be suspected if the combination involves only two or three different organisms and they are found in a series of specimens collected within a short time interval. Some infections may even require the synergistic relationship of different species. For example, in a rabbit osteomyelitis model (210), S. epidermidis alone caused a low percentage of osteomyelitis but this species in combination with Bacteroides thetaiotaomicron caused osteomyelitis in 95% of the rabbits.
In the examination of the primary isolation plate, usually a blood agar plate, a decision is made to select a certain colony or group of colonies for identification. As Colony size >6 mm -- (19) . This subspecies can be distinguished from the close relative S. caprae by its negative alkaline phosphatase activity, acid production from sucrose, and lack of acid production from trehalose and turanose (67) . S. cohnii subsp. urealyticum can be differentiated from S. cohnii subsp. cohnii on the basis of its positive alkaline phosphatase, urease, 3-glucuronidase, and 3-galactosidase activities (177) . Although character analysis by many of the conventional methods requires 1 to 3 days before a final identification can be made, conventional methods are quite accurate and have served as a source of reference for studying the accuracy of rapid identification systems. A numerical code system for the reference identification of Staphylococcus species and subspecies based on the results of 18 primary conventional biochemical tests has been recently proposed by Rhoden et al. (259) . The system, referred to as the Centers for Disease Control Micrococcaceae profile system, identified more than 95% of the 824 strains tested. Of the new species and subspecies, S. lugdunensis was well represented in this system (45 strains), but S. schleiferi (1 strain), S. capitis subsp. ureolyticus (9 strains), and S. cohnii subsp. urealyticum (10 strains) were underrepresented. S. caprae was represented by only two VOL. 7, 1994 strains. Despite the small number of strains analyzed for certain species, the Micrococcaceae profile system approach appears to be a reasonable alternative for laboratories that require reference identification for members of the Micrococcaceae, including CNS.
Commercial Rapid Identification Systems
To (18) by increasing the data bases. It is expected that the reliability of these and other commercial systems will continue to increase as the result of growing data bases and the addition of more discriminating tests. The new Staphylococcus species and subspecies have been incorporated recently into several data bases. Accuracy in the identification of S. lugdunensis and S. schleiferi can be increased significantly by the addition of the ornithine decarboxylase test (now employed in the bioMerieux Vitek ID 32 STAPH) and the thermonuclease test (Remel Laboratories, Inc., Lenexa, Kans.), respectively.
STRAIN IDENTIFICATION
The identification of strains of CNS has become important since the recognition of the clinical significance of CNS. Several reviews have emphasized the need for strain identification and suggest requirements for an epidemiological typing scheme for CNS (33, 49, 50, 167, 171, 234, 246) . The identification of strains is important in monitoring the reservoir and distribution of CNS involved in nosocomial infections and in determining the etiologic agent. The rationale is that the repeated isolation of a particular strain is more clinically significant than solely the repeated isolation of a species. This review divides the strain typing methods into two categories, conventional and molecular. For a typing scheme to be useful, it must be sensitive, specific, reproducible, affordable, and timely. The information gained from strain delineation of CNS will improve methods in prevention, diagnosis, and therapy.
Conventional Methods
Colony morphology. Strain identity should at least start with good characterization of colony morphology. Presently, it is the only practical way of discerning prospective strains or clones on primary isolation plates. The clinical microbiologist's first encounter with a CNS isolate is on the primary isolation plate, where colonies are screened and selected as inoculum for identification. In most laboratories, colonies are screened within 18 to 24 h, when most species or strains appear the same. As shown in Fig. 1, three characters demonstrate clonal variation, and upon successive subculturing, variants may accumulate. Because of these problems, it is recommended that more than one typing system be incorporated to achieve a higher degree of strain delineation.
Phage typing. Bacteriophage typing has become an established system for typing S. aureus. Phage sets have been available for S. epidermidis, but they are not internationally standardized. A recent report of using phages for S. epidermidis typing again demonstrated the inability to standardize the technique and type the strains of this species (81) . The phages of the S. epidermidis isolates exhibited a wide host range, and tests displayed low reproducibility. These problems decreased the discriminatory value of the technique. The typeability of S. saprophyticus also has been investigated. Pereira and Melo Cristino (241) were able to type 134 of 297 strains with high reproducibility. However, the phages were not absolutely specific for S. saprophyticus, since they also typed certain strains of S. cohnii and S. xylosus. These investigators were able to increase discrimination when they added plasmid profiling. Rosdahl et al. (264) found that strains of S. haemolyticus were seldom phage typeable, and multiply resistant strains of S. haemolyticus, S. epidennidis, and S. hominis were rarely typeable. Perhaps these observations may be explained by the spread of multiply resistant clones that lack phage typeability or by the acquisition of resistance plasmids and prophages that may prevent lysis by the typing phages. (180) found CFA analysis comparable to standard techniques (antibiogram, biotype, and plasmid profiles) for distinguishing between multiple CNS blood isolates. Their results showed that numerous morphologically identical isolates of a strain from a patient gave a correlation value of >95, while numerous nonidentical isolates of the same species from a patient gave a correlation of <95. The study showed some strain discrimination; however, more studies are necessary to show the epidemiological usefulness of this method. CFA analysis is relatively inexpensive, simple, and quick, and a large number of isolates can be tested at one time. As indicated in the review by Welch (311) , CFA analysis combined with numerical correlation analysis for subgrouping isolates may prove to be of some use in strain identification.
Pyrolysis-mass spectrometry. The recent application of pyrolysis-mass spectrometry for strain discrimination of CNS has given encouraging results (91, 92) . In this technique, the organisms are pyrolyzed, the pyrolysates are examined by mass spectrometry, and the results are analyzed and compared mathematically to produce a dendrogram (9) . Investigators have found pyrolysis-mass spectrometry to be comparable to typing schemes that incorporate antibiogram, biotype, and plasmid analysis (91, 92) . This technique is relatively inexpensive (after the initial cost of equipment has been made), rapid, and reproducible. It is necessary to include epidemiologically unrelated control strains so that the significance of the different spectrograms of the strains can be estimated.
Multilocus enzyme electrophoresis. Multilocus enzyme electrophoresis is based on analysis of the electrophoretic profile of genetically controlled variants of metabolite enzymes (isoenzymes). These isoenzymes are distinguished on the basis of their movement in a starch or polyacrylamide gel and reaction with specific stains. The advantages of this technique are the ease in performance, the availability of reagents, a high degree of reproducibility, and the stability of the profiles (245) . The disadvantage is the expense of the enzymes and staining reagents. Musser et al. (222) incorporated the technique successfully to study the genetic structure among strains of S. aureus that cause toxic shock syndrome. In early studies of CNS isoenzymes for species identification, it was apparent that this method could distinguish strains of certain species (323) . Further analysis of the technique is necessary to determine its usefulness in strain identification of CNS and the numbers and types of enzymes necessary to differentiate between strains.
Plasmid analysis. Plasmid profiling and the restriction endonuclease analysis of specific plasmids can serve as a valuable typing system, especially for those strains that carry multiple plasmids. Recent reviews have given the advantages and disadvantages of plasmid profiling (171, 246, 247) . The CNS that often carry multiple plasmids are S. epidennidis, S. haemolyticus, S. hominis, S. capitis, S. warned, S. saprophyticus, S. cohnii and S. xylosus, while S. auricularis and S. lugdunensis seldom have plasmids or have only one or two (167) . Restriction enzyme analysis of the plasmids may further extend the sensitivity of this technique and is particularly useful for differentiating plasmids of the same size. However, some common plasmids are highly conserved and often have identical fragment patterns irrespective of the strain, for example, the small tetracycline plasmids and the small macrolide-lincosamide-streptogramin B (MLS) resistance plasmids. One major disadvantage of this technique is that plasmids are somewhat unstable elements, and the lack or addition of one plasmid may not truly designate a different strain. The technique is a relatively simple and inexpensive way to discriminate between strains and thereby, in combination with other strain typing methods, will be useful in epidemiology studies (247) .
Whole-cell polypeptide analysis. Whole-cell protein profiling employs gel electrophoresis of cellular proteins. The detection methods include using either Coomassie blue staining, 35S-methionine (radio-PAGE), or immunoblotting. SDS-PAGE with staining by Coomassie blue and radio-PAGE examine all major bacterial proteins, while immunoblotting examines surface-exposed antigens that are immunoreactive to antibodies. SDS-PAGE with Coomassie blue staining has produced distinct banding patterns for species of CNS (56) . Maggs (220, 253) . Archer and Pennell (5) found the mecA probe to be more sensitive than broth microdilution and more specific than agar dilution in identifying methicillin-resistant strains of CNS and obtained results within 24 h. They concluded that this method, which detects the gene for an altered penicillin-binding protein (PBP2a), could be used as a standard for the detection of methicillin resistance. The PCR technique was found to be more sensitive than DNA hybridization, and it provided data in less than 5 h (253). One control or regulation in the expression of PBP2a has been shown to be a regulatory function of an inducible blaZ gene from a penicillinase plasmid (302) . In penicillinase-negative strains, a region designated mecR on the methicillin resistance determinant reduces the overall expression of resistance by negatively regulating the synthesis of PBP2a (269, 295) . The presence of the mecR region may account for the delay in the detection of methicillin resistance by standard clinical procedures. Others have found methicillin resistance in strains that did not contain mecA (291) . They hypothesize that a protein may be involved in protecting the cell through a high degree of cross-linking of peptidoglycan. PBP2a or low-affinity penicillin-binding proteins presumably similar to PBP2a have been shown in a variety of CNS, including strains of S. epidennidis, S. haemolyticus, S. hominis, S. simulans, S. saprophyticus, S. sciuri, S. capitis, S. warneri, and S. caprae (5, 220, 250, 289, 291 With the increased isolation of clinically significant CNS, interest in their susceptibility to various antimicrobial agents and the establishment of resistance to various agents has also increased. As reviewed by Pfaller and Herwaldt (246), S. epidermidis has become resistant to many commonly used antibiotics and may be a reservoir for antibiotic resistance genes in hospitals. Because of the widespread resistance to antibiotics, the usefulness of the newest families of antimicrobial agents targeted for CNS, the glycopeptides and the quinolones, has received much attention.
When CNS isolates are multiply resistant to commonly used antibiotics, the glycopeptide vancomycin has been considered to be the antibiotic of choice. However, the isolation of clinical strains of S. haemolyticus with a decreased susceptibility to vancomycin has been reported (94, 278, 304) . Although rare, these isolates may signal the beginning of resistance to an important antibiotic against CNS infections. Several groups have tried to induce resistance in strains of S. epidermidis and S. haemolyticus by using a broth or agar selection method to determine whether resistance to vancomycin can be easily obtained and thereby may become important (125, 277, 304, 308) . Watanakunakorn (308) reported that of 18 strains of S. haemolyticus studied by passage in broth media containing vancomycin, only 4 strains developed a three-to fourfold increase in the vancomycin MIC, with a range of 1 to 8 ,ug/ml. Herwaldt et al. (125) found that increases in the MICs for 21 S. haemolyticus strains ranged from 4 to 32 ,ug/ml by the broth selection method and 8 to 32 ,ug/ml by the agar selection method. They found that seven S. epidernidis strains analyzed by the agar method demonstrated an increase in the range of 8 to 16 ,ug/ml. With the increased likelihood that clinical laboratories will encounter vancomycin-resistant strains of CNS, it becomes important to rapidly identify those strains that are likely to develop resistance to vancomycin. One possible approach that has received little attention and needs more research is the use of imipenem disks to determine vancomycin-resistant subpopulations. Schwalbe et al. (277) found that S. haemolyticus strains selected by their growth on brain heart infusion agar containing 12 Decreased susceptibility of strains of S. haemolyticus and S. epidermidis to another glycopeptide, teicoplanin, has been more prevalent than that found with vancomycin (20, 109, 161, 197) . When determining the breakpoints of resistance and susceptibility, several groups have expressed concern over their inability to correlate results (47, 119, 197) .
Variations in the media, inoculum size, and incubation times and reliance on the interpretative breakpoints for vancomycin may account for some discrepancies; therefore, it is necessary to specifically standardize the susceptibility testing of teicoplanin. However, Kenny et al. (161) incorporated and recommended a different interpretive criteria for MIC testing of teicoplanin (8 ,ug/ml, susceptible; 16 p,g/ml, moderately susceptible; 232 ,ug/ml, resistant). Upon the use of these breakpoints, they found that errors occurred in <1.0% of the total numbers of isolates. Teicoplanin has been used with some success as an alternative to vancomycin in the treatment of moderate and severe infections by CNS (35) . However, Brunet et al. (41) reported a patient who recovered from an S. haemolyticus infection after treatment with vancomycin following treatment failure with teicoplanin. Even though teicoplanin may have fewer side effects than vancomycin, it must be given in higher doses than first thought necessary, and therefore it may prove to be less useful than vancomycin (249) . Teicoplanin may be reserved only for those patients who cannot tolerate vancomycin.
With the continued emergence of multiply resistant CNS, newer glycopeptides continue to be tested for their activity against CNS. Decaplanin has been found to be less active than either teicoplanin or vancomycin (225) , and resistance has been discovered in strains of CNS, particularly S. haemolyticus (270) . Another set of new glycopeptides includes derivatives of teicoplanin (MDL 62208, MDL 62211, and MDL 62873). These antibiotics were found to be more active than the parent, teicoplanin, and vancomycin (31, 153) . However, clinical trials have not been completed to establish the toxicity of the new derivatives. LY264826, a novel glycopeptide, showed promising activity that was at least comparable to those of teicoplanin and vancomycin (46, 263) . The genetic and biochemical mechanisms responsible for resistance to glycopeptides in CNS are not clear.
Resistance has not been shown to be transmissible among the CNS; however, selection pressures may influence the spread of a resistant strain from an infected patient throughout the hospital environment. Therefore, precautions should be taken to prevent the dissemination of resistant strains (149) and to limit the use of glycopeptides only to the most severe cases of CNS infection.
The quinolones are a promising group of antibiotics that have a broad spectrum of activity. However, with the increased use of this group of antibiotics, particularly ciprofloxacin, there have been reports of resistant CNS (21, 23, 72, 101, 181) . Studies have indicated that resistance to one quinolone may predispose the isolate to become resistant to other quinolones (21, 257, 296, 319) . Some investigators have tried to induce resistance to the quinolones by serial passages in the presence of the antibiotics (23, 224, 284 (88) . Levofloxacin appears to be more active than ciprofloxacin (95) . Temofloxacin (32) , T-3761 (221) , and sparfloxacin (257) appear to be comparable to ciprofloxacin. Importantly, resistance to sparfloxacin appeared to emerge less rapidly following exposure to increasing concentrations than that to ciprofloxacin (284) . Although the mechanism of resistance to quinolones has not been clearly established in CNS, resistance mechanisms in other bacteria have been through alterations in the DNA gyrase (224, 319 (13) . The new method was found to be as reliable as the standard methods for the determination of MICs for CNS (13, 40, 133, 226) . However, in tests of oxacillin, it was necessary to supplement Mueller-Hinton agar with sodium chloride (133, 226) . The (167) . The human isolates exhibiting intrinsic novobiocin resistance (S. saprophyticus, S. cohnii, and S. xylosus) show a slight intrinsic penicillin resistance (167) and decreased susceptibility to quinolone antibiotics (21) . Fortunately, S. lugdunensis and S. schleiferi rarely appear to develop resistance to most antibiotics (84) ; however, antibiotic resistance in S. lugdunensis has begun to emerge (187) . S. lugdunensis (121) and S. epidermidis (120) and they may also be involved in the pathogenesis of fibrous capsular contracture after mammoplasty with silicon prostheses and the toxic lens syndrome after implantation of artificial eye lenses (48, 58, 70, 106, 156, 209, 230, 267, 290) .
Early-onset infections occur within several days or weeks after surgery or catheterization, and in most of these cases, introduction of the etiologic agent(s) takes place during surgery or insertion of the catheter (178) . On the other hand, late-onset infections start after a much longer interval of several weeks, months, or years, with the etiologic agent(s) being introduced at the time of surgery, insertion of the catheter, or during bacteremia of another origin (48). 5. epidermidis and, to a lesser extent, other species of the S. epidermidis species group (e.g., S. haemolyticus, S. capitis, S. hominis, and S. warneri) are the principal pathogens of foreign body infections (49, 143) .
The process of foreign body infections proceeds by several important steps. The first step involves the adhesion of bacteria to biomaterials (mainly synthetic polymers). Nonspecific adhesion of cells to solid surfaces under in vitro conditions mainly involves electrostatic and hydrophobic interactions (83, 143) , besides the hydrodynamic forces of the liquid medium that influence the transport of the cells to the surface. In general, strains of S. epidernidis that demonstrate high hydrophobicity adhere more strongly to polymer surfaces (200) . Specific adhesion of S. epidermidis RP-62A to silastic catheter surfaces can be mediated by a capsular polysaccharide-adhesin (PS/A) (300) . PS/A is a large (>500,000 molecular weight) polymer of galactose and arabinose in a 1:1 molar ratio (219) . Purified PS/A inhibits adherence of S. epidennidis to catheters and elicits antibodies that block adherence and stabilize the extracellular structure surrounding cells, presumed to be a capsule. PS/A appears to enhance the very early stages of colonization of biomaterials; i.e., the initial adherence can be measured after 15-min contact of materials with broth cultures. Recent studies have indicated that S. capitis subsp. ureolyticus, in addition to S. epidermidis, is capable of producing PS/A (168) . A high percentage of clinical isolates of both species produces PS/A and biofilm. There is also a suggestion that long-term colonizing strains on the skin of healthy individuals produce significant amounts of PS/A and biofilm. PS/A is highly immunogenic in its purified form and may play a role in protective immunity. In animal models of catheter-related bacteremia (179) and intra-aortic catheter-related endocardi-tis (293) , it has been shown that the major defense mechanism achieved through immunization with PS/A is opsonophagocytic killing by peripheral blood leukocytes. However, during experimental infection, there is no immune response to PS/A, perhaps as a result of the immunosuppressive effects of teichoic acid. In addition to PS/A, there is some evidence that, at least in some strains of S. epidermidis, a proteinaceous adhesin mediates in vitro attachment to polymer surfaces (129, 130, 235) . In recent studies, Timmerman et al. (299) found that a 220-kDa proteinaceous surface antigen of S. epidermidis 354 mediates attachment to polystyrene. Immunogold electron microscopic studies showed the presence of this antigen on the bacterial surface and also on what may be interpreted as fimbria-like surface projections.
In vivo adhesion is probably a very complex situation, for both polymer and bacteria undergo changes in the dynamic environment of the host (61, 316 (306) .
It is now generally understood that following adherence of CNS to foreign bodies, the second step in infection involves the production of slime (extracellular slime substance [ESS] ) (83, 143, 317) . Scanning electron microscopic studies have shown the extensive production of ESS by staphylococci, especially S. epidernidis, ultimately resulting in encased multiple layers of bacteria (242) . One of the roles of ESS is the formation of a biofilm on the surface of biomaterials which may function as a penetration barrier to antibiotics (77, 242) . Once established, the bacterial biofilm is very difficult to remove. Information on the chemical composition of ESS and the regulation of its production is still incomplete, although recent studies by Hussain and coworkers (135, 136, 138) (97) . The production of urease is probably also one of the reasons why this species is sometimes associated with urinary calculi. S. saprophyticus also displays a tissue specificity, i.e., for uroepithelial cells of the urogenital tract (57, 205) . The receptor-mediated adherence is believed to be the first major step in the development of UTI. A major surface protein (Ssp) of S. saprophyticus that may be involved in interactions of this species with eukaryotic cells has been identified recently (98) .
Host-Bacterium Interactions
There is growing evidence that ESS interferes with host defense mechanisms in addition to its role in the formation of biofilm. S. epidennidis ESS can inhibit the proliferation of human peripheral mononuclear cells (mainly T lymphocytes) after they are stimulated with polyclonal immunomodulators (111) . More recently, it has been shown that ESS (or glycocalyx) preparations from S. epidennidis and S. lugdunensis do not have a direct inhibitory effect on T-cell proliferation, but rather directly stimulate monocyte production of prostaglandin E2, and that it is this activity that in turn contributes to the inhibition of T-lymphocyte proliferation (288) . This activation of monocytes results not only in prostaglandin E2 production but also in human interleukin-1 and tumor necrosis factor alpha production and secretion, factors that promote the acute inflammatory responses (28, 68) . ESS could also be shown to interfere with blastogenesis of B cells and subsequent immunoglobulin production (112) .
In addition to its effect on the immune system, ESS of S. epidermidis can have a significant effect on opsonophagocytosis mechanisms. This includes (i) inhibition of the ability of polymorphonuclear leukocytes to migrate directly toward a known chemotactic stimulus (79, 151) ; (ii) degranulation of specific granules (lactoferrin) (150) , possibly leading to a decreased intracellular killing ability; (iii) inhibition of polymorphonuclear leukocyte chemiluminescence, a response that results from oxygen-dependent metabolic activity that normally occurs during phagocytosis and intracellular oxygen-dependent killing (2, 79); and (iv) inhibition of interactions of the bacterial surface with opsonins, such as complement and/or immunoglobulin G, which promote phagocytosis and killing (143) . Whether surface-exposed proteins serve as targets for opsonization is unknown. However, studies by Plaunt and Patrick (252) (80) . S. epidennidis (168, 186) and S. lugdunensis (186, 187) (186) . Strains of S. epidermidis, S. capitis, and S. haemolyticus differing in their duration of colonization on normal human skin have also been tested for abscess formation with the mouse model (168) . It was found that strains of S. epiderrnidis and S.
capitis that persisted for more than 2 months to several years on skin were more virulent than those that persisted for less than 2 months. S. haemolyticus strains usually persisted for less than 2 months, and although some strains produced low-grade infections, they could not be recovered from the implanted catheter or surrounding tissue. The presence of an abscess correlated well with biofilm production and the presence of PS/A.
In addition to determining pathogenicity on the basis of abscess formation, the mouse model has been used to determine the effect of antibiotics on catheter infections and duration of colonization by S. epidermidis (189, 211) . Lambe et al. (189) found clindamycin and, to a somewhat lesser extent, cefazolin to be effective in limiting abscess formation. Mayberry-Carson et al. (211) concluded from their studies with ciprofloxacin that prophylaxis before implantation of the catheter significantly reduced the rate of abscess formation. Continued treatment subsequent to implantation was necessary to prevent infection.
The rabbit tibia model has been employed to examine the role of S. epidermidis and B. fragilis, alone and in combination, in experimentally induced foreign-body-associated osteomyelitis (188) . In this model, a catheter was implanted into the medullary cavity of the tibia. Lambe et al. (188) found that only two of the five animals infected with S. epidermidis developed culture-positive osteomyelitis. All six animals infected with both microorganisms developed culture-positive osteomyelitis. Transmission and scanning electron microscopy showed that when the microorganisms are involved in a mixed infection S. epidermidis predominates on the foreign body and B. fragilis predominates in the infected bone and marrow. Mayberry-Carson et al. (210) used a different rabbit tibia model to investigate the in vivo efficacy of ciprofloxacin therapy on polymicrobic osteomyelitis. They concluded that, although relatively high tissue levels of ciprofloxacin were attained, little therapeutic effect was observed. Furthermore, these studies demonstrated that an infection may require the synergistic relationship of two species and that antibiotic treatment against one of them may not eradicate the other.
CONCLUSIONS
The clinical significance of CNS continues to increase as strategies in medical practice lead to more invasive procedures such as the replacement of damaged or missing body parts with synthetic materials and the widespread use of catheters. The most vulnerable to infection by CNS are hospitalized patients, especially those who are premature, very young, or old and those who are immunocompromised and/or suffering from chronic diseases. The proportion of people who are immunocompromised continues to increase. Young, sexually active females who are particularly prone to UTIs by the CNS species S. saprophyticus are an exception to the preceding groups.
Since CNS as a group are widespread on the human body and can produce very large populations, distinguishing the etiologic agent(s) from contaminating normal flora is a serious challenge to the clinical laboratory. To some extent, the solution to the problem will be facilitated by the quality of the specimen obtained from the patient and how accurately the specimen represents the infectious problem. Culture identification should proceed to the species and strain levels. A much stronger case can be made for a specific etiologic agent if the same strain is repeatedly isolated from a series of specimens than if different strains of one or more CNS species are isolated. Strain identity can be based initially on colony morphology on the primary isolation plate. Identification can then proceed by the use of one or more molecular approaches to gain information on the genotype. Over the past 5 years, several new Staphylococcus species and subspecies have been discovered. It is expected that, as more laboratories continue to search for unusual staphylococci and the number of isolates increases over time, some of the rarer species and subspecies will be recognized.
Many of the CNS species are commonly resistant to antibiotics that are in current use for staphylococcal infections, with the exception of vancomycin. The use of antibiotics in hospitals has provided a reservoir of antibiotic resistance genes and has promoted the accumulation of multiply resistant CNS strains. Most attempts at modifying existing antibiotics or synthesizing new ones have met with limited success, for ultimately CNS, and especially members of the S. epidermidis species group, develop resistant populations. Of considerable concern is the widespread distribution of methicillin resistance among CNS species and genetic exchange between CNS and S. aureus.
At present, the main focus on mechanisms of pathogenesis has been with foreign body infections and the role of specific adhesins and slime produced by S. epidennidis. There is now some understanding of the sequence of events leading to the establishment of biofilm on polymers, though the story is not complete and may be somewhat different for the establishment of infection in native tissue. It is now clear that biofilm can act as a barrier to antibiotics and limit the effectiveness of antibiotic therapy. Furthermore, slime can reduce the immune response and opsonophagocytosis, thereby interfering with host defense mechanisms. Animal model studies have indicated that biofilm production and the ability to produce infections are properties of not only certain strains of S. epidermidis but also certain strains of S. capitis, S. lugdunensis, and S. schleiferi. In these models, the severity and extent of infection were less for strains of S. hominis, S. haemolyticus, and S. wameri. Studies are warranted to compare the mechanisms of pathogenesis used by each of the CNS species, with the assumption that some differences will be found among them. Mechanisms of pathogenesis have begun to be understood for the urinary tract pathogen S. saprophyticus, and they appear to involve receptor-mediated adherence to uroepithelial cells and the production of urease. The role of slime produced by this species is uncertain. Future studies should ultimately bring together the population, cellular, and molecular aspects of adaptive strategies used by CNS species. As we become more aware of the various strategies used by these organisms, we will be in a better position to compromise their defense mechanisms and improve treatment, and perhaps even to prevent their colonization of biomaterials. 
